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The electron-hole separation efficiency is a key factor that determines the performance of two-dimensional
(2D) transition metal dichalcogenides (TMDs) and devices. Therefore, searching for novel 2D TMD materials
with long timescale of carrier lifetime becomes one of the most important topics. Here, based on the time-
domain density functional theory (TD-DFT), we propose a brand new TMD material, namely janus-MoSTe,
which exhibits a strong build-in electric field. Our results show that in janus-MoSTe monolayer, the exciton
consisting of electron and hole has a relatively wide spatial extension and low binding energy. In addition, a
slow electron-hole recombination process is observed, with timescale on the order of 1.31 ns, which is even
comparable with those of van der Waals (vdW) heterostructures. Further analysis reveals that the extremely
long timescale for electron-hole recombination could be ascribed to the strong Coulomb screening effect as
well as the small overlap of wavefunctions between electrons and holes. Our findings establish the build-in
electric field as an effective factor to control the electron-hole recombination dynamics in TMD monolayers and
facilitate their future applications in light detecting and harvesting.
I. INTRODUCTION
Since the successful exfoliation of graphene, there has
been growing interest in atomically two-dimensional (2D)
materials.1,2 Among them, particular attention has been paid
to 2D transition metal dichalcogenides (TMDs) due to their
promising properties, which hold potential applications in
electronic and optoelectronic devices.3–5 However, due to
the large effective masses and weak dielectric screening, 2D
TMDs display strong excitonic effect with high exciton bind-
ing energies.6,7 As a result, the recombination rate of pho-
tongenerated electron and hole is usually very fast, in the
timescale of several hundreds of picoseconds.8–10 The short
lifetime for electron-hole pair would dramatically impede the
performance of 2D TMD materials and devices, leading to
extremely low quantum efficiency, i.e. in the 10−4 ∼ 10−2
range.11–13
Recently, a new kind of layered TMD material namely
janus-MoSSe has been successfully synthesized by chemical
vapor deposition (CVD) method, in which the top layer of Se
atoms in MoSe2 monolayer is replaced by S atoms, while the
bottom Se layer remaining intact.14,15 In comparison with reg-
ular MoSe2, the janus-MoSSe monolayer is reported to have
out-of-plane build-in electric field, which opens up a way to
tune the properties of TMD monolayers.16 It should be pointed
out that due to the strong excitonic effect, the recombination
rate of electron-hole pair in janus-MoSSe monolayer is still
too fast to meet the desirable applications. Thus, searching
for new 2D TMD materials with long timescale for electron-
hole recombination becomes a crucial scientific issue.
In this work, based on the time-domain density functional
theory (TD-DFT), we propose a brand-new TMD material,
namely janus-MoSTe. We find that due to the discrepancy
of electronegativity between S and Te atoms, janus-MoSTe
monolayer exhibits large build-in electric field, which signif-
icantly weakens the binding strength of excitons. The calcu-
lated exciton binding energy is as low as 0.54 eV according
to GW/Bethe-Salpeter Equation (BSE). The electron-hole re-
combination dynamics is then explored in details based on the
nonadiabatic molecular dynamics (NAMD) technique. A slow
electron-hole recombination process is observed in monolayer
janus-MoSTe, with the lifetime up to 1.31 ns, which is even
comparable with those of van der Waals (vdW) heterostruc-
tures made by stacking layered TMDs.17,18 Such extremely
long exciton lifetime is interpreted by the strong Coulomb
screening effect as well as the the greatly reduced overlap of
the out-of-plane wavefunctions between the electron and hole,
which both result from the large build-in electric field. These
results suggest that the proposed janus-MoSTe monolayer has
great potentials in further optoelectronic and photovoltaic ap-
plications.
II. METHODOLOGIES
The DFT calculations are carried out using the projector
augmented wave (PAW)19 method and plane-wave basis set
as implemented in the Vienna ab initio simulation package
(VASP).20,21 The Perdew-Burke-Ernerhof (PBE) parametriza-
tion of the generalized gradient approximation (GGA) is used
for the exchange-correlation potentials with a cutoff energy
of 500 eV.22 A 18 × 18 × 1 k-point mesh is employed to
sample the first Brillouin zone. The vdW correction to the
GGA functional based on Grimme’s scheme is incorporated
to better describe the nonbonding interaction.23 All atoms are
fully relaxed until a precision of 10−5 eV in energy and 0.01
eV/A˚ in residual forces. The state-of-the-art hybrid functional
(HSE06) is used, in which the hybrid functional is mixed with
25% exact Hartree-Fock (HF) exchange.24,25 In order to in-
vestigate the optical properties of TMDs heterostructures, a
many-body GW+BSE calculation is performed.26,27 The num-
ber of empty bands and the cutoff energy for response function
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2are tested to ensure that the gaps are converged with an accu-
racy of 0.01 eV. A vacuum space of at least 18 A˚ is added in
the vertical direction to ensure decoupling between adjacent
layers.28
The photoinduced current is carried out in the framework
of DFT method combined with the nonequilibrium Green’s
functions (NEGF-DFT).29,30 The photocurrent is determined
as:31–33
Jph =
e
2~
∫
dE
2pi
∑
α
Tα(E) (1)
where α stands for the lead of source/drain. Tα(E) is the
effective transmission coefficient of lead α.31,34
The NAMD simulations are carried out using PYXAID
software package,35,36 which uses decoherence induced sur-
face hopping (DISH) technique to deal with the electron-hole
recombination process.37 The time-dependent Kohn-Sham
equations are solved along the atomic trajectory R, which
is obtained from the ab initio adiabatic molecular dynamics
(AMD) results. A detailed description of the algorithm can be
found in previous work.10,35,38 The janus-TMDs monolayers
are heated to 300 K, and 5 ps AMD trajectories with a 1 fs
atomic time-step are produced, which are employed to calcu-
late the nonadiabatic Hamiltonians (NAHs). The 5 ps NAHs
are then iterated 20 times to simulate the recombination dy-
namics over a long period. 200 initial conditions from the
first 5 ps of NAHs are chosen to sample the canonical dis-
tribution of the atomic coordinates. NAMD simulations are
then performed starting from each initial condition and using
4000 random number sequences to compute the surface hop-
ping probabilities.
III. RESULTS AND DISCUSSION
As shown in Figure 1(a), the so-called janus-MoSTe has
a sandwiched structure, namely S-Mo-Te from the top to
the bottom. The lattice parameter is calculated to be 3.37
A˚, and the bond lengths of Mo-S and Mo-Te are 2.44 and
2.72 A˚, respectively. The asymmetric geometry results in a
dipole moment up to 0.38 Debye along the vertical direction,
which is about 60% larger than that in janus-MoSSe mono-
layer. Based on the orbital characteristics, the band structures
are plotted using different colors. As shown in Figure 1(b),
monolayer janus-MoSTe is an indirect bandgap semiconduc-
tor, with the bandgap of 1.02 eV at the PBE level. The con-
duction band minimum (CBM) occurs at K point, which is
dominated by Mo-4dz2 orbital. While the valence band max-
imum (VBM) locates at Γ point, which is composed of Mo-
4dxy orbital as well as S-3px (3py) and Te-5px (5py) orbitals.
Note that the calculations at the PBE level often underestimate
the bandgaps of the semiconductors. To obtain more accurate
band structures, HSE06 method is employed in this work. As
shown in Supplementary Figure 1a, the bandgap at the HSE06
level is obviously larger than that from PBE, with the value up
to 1.84 eV. Nevertheless, the dispersion of the band structure
exhibits similar tendency in both VBM and CBM.
Table I. The calculated dipole moment (p), static dielectric con-
stant (ε), exciton Bohr radius (a∗), exciton binding energy (Eb), and
electron-hole recombination lifetime (τ ) for three TMDs monolay-
ers.
p (Debye) ε a∗(A˚) Eb (eV) τ (ns)
MoS2 – 8.05 10.3 0.80 0.3910
janus-MoSSe 0.24 8.67 13.2 0.63 0.44
janus-MoSTe 0.38 9.63 17.1 0.54 1.31
In the following, we look into the nature of exciton in janus-
TMDs monolayer influenced by the build-in electric filed. Us-
ing hydrogenic model, we first estimate the exciton Bohr ra-
dius (a∗), which is expressed as:39
a∗ =
m0
µ
εaH (2)
where m0 , µ and aH are the free electron mass, effective
reduced mass, and Bohr radius of the hydrogen atom, respec-
tively. ε denotes the macroscopic dielectric constant. The cal-
culated static dielectric constant (ε) and exciton Bohr radius
(a∗) are given in Table I. Clearly, the large value of dipole mo-
ment in MoSTe leads to the strong Coulomb screening effect,
which gives rise to a relatively broad spatial extension namely
larger Bohr radius.
With respect to the optical absorption properties of the
monolayers, e− h interactions can be taken into account with
the BSE approach based on the quasiparticle corrections. In
Figure 1c, we plot the imaginary part of the transverse dielec-
tric constant. The exciton binding energy is then calculated,
which is defined as the difference between the GW bandgap
and the first absorption peak of the spectrum. The calculated
exciton binding energies of janus-MoSTe is as low as 0.54 eV,
which is significantly reduced as compared with MoS2 mono-
layer (0.80 eV). This can be understood based on the fact that
the build-in electric field enhances screening potential, lead-
ing to low excitonic binding energy.
To explore the influence of the build-in electric filed on
the charge transfer dynamics, we investigate the electron-
hole recombination kinetics based on the TD-DFT. To gain
quantitative information on recombination dynamics, we fit
the time evolution data with an exponential equation f(t) =
A0 + B0exp(−t/τ), where τ is the recombination lifetime.
The results are characterized in Figure 2. It is clearly that the
obtained lifetime in janus-MoSSe monolayer is 0.44 ns, which
is in the same time scale as compared with the value in MoS2
monolayer (see Table I).10 As a result, the recombination rate
in janus-MoSSe monolayer is still too fast for further appli-
cations. By contrast, the obtained time scale in janus-MoSTe
is extremely long. The introduction of build-in electric field
in the janus-MoSTe monolayer dramatically reduces the re-
combination rate, resulting in a longer excited-state lifetime
of 1.31 ns, which is even comparable with the time scales in
those TMDs heterostructures, i.e. 1.4 ∼ 1.8 ns.17,18
It is worthwhile to study the mechanism by which the
electron-hole pair excitation in janus-TMDs monolayers. The
lifetime of the exciton consisting of electron and hole is in-
versely proportional to the overlap of their wavefunction as
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Figure 1. (a) Top and side views of the janus-MoSTe supercell. (b) Orbit-projected band structures of janus-MoSTe monolayer at the PBE
level. The Fermi level is set to be zero. (c) G0W0+BSE adsorption spectrum for janus-MoSTe monolayer. The vertical dash line represents
bandgap at the G0W0 level (see Supplementary Figure 1b).
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Figure 2. Electron-hole recombination dynamics for janus-MoSSe
and janus-MoSTe monolayers.
τ ∝ |〈φc (r) |φv (r)〉|−2, where c and v respectively denote
the conduction and valence band. Such overlap actually rep-
resents the probability of the electron and hole to meet each
other and recombine, which can be significantly reduced by
the out-of-plane build in electric field
−→
Eb. For the sake of
simplicity, we assume the electron (hole) wavefunction is a
product state of the in-plane part ψc(v) (x, y) and the out-of-
plane part ϕc(v) (z) as φc(v) (r) = ψc(v) (x, y)ϕc(v) (z). In
this sense, the overlap of wavefunction becomes
|〈φc (r) |φv (r)〉|−2
= |〈ψc (x, y) |ψv (x, y)〉|−2 |〈ϕc (z) |φv (z)〉|−2
=
pi
2
(a∗)2 |〈ϕc (z) |φv (z)〉|−2 , (3)
where in the last step the s-orbit of the hydrogenic model is
applied for the in-plane wavefunction overlap. Obviously, in-
creasing the Bohr radius a∗ as well as reducing the overlap of
the out-of-plane wavefunction between the electron and hole
contribute to longer lifetime of the exciton.
For a system without ~Eb, such as in MoS2 monolayer,
(a)
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Figure 3. Schematic diagram of the out-of-plane wavefunction for
(a) MoS2 and (b) MoSTe. The out-of-plane wavefunctions of elec-
trons and holes are respectively represented by envelopes filling by
the blue and red colors. The overlap of them are represented by
the envelope filling by the purple color. The strong build-in electric
field in MoSTe seperates the center of the out-of-plane wavefunc-
tions ϕc(v) (z) and significantly reduces the overlap of out-of-plane
wavefunction. This mechanism vanishes in MoS2 because there is
no build-in electric field.
the screening effect is weak, and the exciton binds strongly,
which results in relatively narrow exciton Bohr radius (a∗)
and high binding energy (Eb)(see Table I). Consequently, the
electron-hole pair is hard to separate. In addition, as depicted
in Figure 3(a), the center of the out-of-plane wavefunctions
ϕc(v) (z) are coincident, which give rise to relatively large
out-of-plane wavefunction overlap, resulting in fast recombi-
nation rate. By contrast, the screening effect becomes much
stronger if a large ~Eb is present, for example in MoSTe mono-
layer. In this sense, the exciton binds loosely, giving rise to a
relatively wide spatial extension and a low exciton binding
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Figure 4. Simulated photocurrents Iph as a function of photon energy
and polarizing angle (θ) for MoSTe monolayer.
energy. As a result, a high probability of successful separa-
tion for electron-hole pairs can be expected. Meanwhile, the
strong build-in electric field also separates the center of the
out-of-plane wavefunctions (see Figure 3(b)), which signifi-
cantly reduces the overlap of the out-of-plane wavefunctions,
leading to long lifetime of the exciton.
In this work, we also evaluate the photoresponse perfor-
mance of MoSTe within the framework of NEGF-DFT. Upon
illumination, electrons-hole pairs are created and traverse the
device from left to the right sides, leading to the formation of
photoinduced current throughout the monolayer. In our simu-
lations, linearly polarized light which propagates perpendicu-
lar to the janus-MoSTe monolayer is used to irradiate the sys-
tem. The incident light power density is l kW/m, i.e. AM1.5,
which is the typical value of the solar power. The predicted
photocurrents for janus-MoSTe at different polarized angle θ
with photon energies ranging from 1.3 to 1.6 eV are shown in
Figure 4. From the results, we find that in consistent with
our previous analysis, janus-MoSTe monolayer shows high
photoresponsivity with the photocurrent up to 30 µA/mm2,
suggesting powerful potentials in further optoelectronic and
photovoltaic applications.
IV. CONCLUSIONS
In summary, by employing TD-DFT combined with
NAMD, we systematically studied the electronic properties
of monolayer janus-MoSTe. Our results show that due to
the difference of electronegativity between S and Te atoms,
janus-MoSTe exhibits an out-of-plane build-in electric field,
which significantly reduces the e − h interaction. In this
sense, the exciton binds loosely, giving rise to a relatively
wide spatial extension and a low exciton binding energy. The
calculated exciton binding energy is as low as 0.54 eV ac-
cording to GW-BSE approach. The electron-hole recombina-
tion rate is then evaluated based on the nonadiabatic molec-
ular dynamics (NAMD) technique. Our calculations predict
that the present of the build-in electric filed substantially re-
duces the nonradiative recombination rate, with the lifetime
up to 1.31 ns, which is even comparable with those of van
der Waals (vdW) heterostructures made by stacking layered
TMDs. Such extremely long exciton lifetime is interpreted
by the strong Coulomb screening effect as well as the the
greatly reduced overlap of the out-of-plane wavefunctions be-
tween the electron and hole, which both result from the large
build-in electric field. In addition, the photoresponse perfor-
mance of janus-MoSTe is also evaluated within the framework
of NEGF-DFT. Upon illumination, janus-MoSTe monolayer
shows high photoresponsivity with the photocurrent up to 30
µA/mm2. The extremely long timescale for electron-hole re-
combination combined with high photoresponse performance
make janus-MoSTe monolayer promising candidate for fur-
ther applications in light detecting and harvesting.
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